Abstract-In this article, a cooperative medium access control (MAC) protocol called cooperative cognitive TDMA (CC-TDMA) for cognitive networks is proposed, which is based on time division multiple access (TDMA). The proposed protocol guarantees the quality of service (QoS) required by the primary network. In this regard, licensed users lease part of their spectrum to unlicensed users to retransmit the failed packets on the licensed users' behalf. By doing so, the unlicensed users obtain greater opportunity for data transmission, thus increasing their performance. The simulation and analytical results indicate that the CC-TDMA significantly improves the throughput and packet drop rate (PDR) of both licensed and unlicensed users compared to conventional TDMA.
I. INTRODUCTION
C OOPERATIVE communication (CC) techniques have recently gained significant research attention in tackling channel impairments, energy limitation and radio spectrum constraints. In addition, the scarcity of wireless spectra has led to the emergence of a new technology, Cognitive Radio (CR). CR is introduced as an efficient technique for utilizing the available spectrum, whereby secondary (or unlicensed) users (SU) are allowed to transmit in the primary (or licensed) users (PU) spectrum when there is a hole (white space) in the PU spectrum. Cognitive transmission techniques are defined based on two main approaches, including the common model and the spectrum leasing (property-rights) model. Recently, combining CC and CR has been suggested to further improve spectrum utilization so that both licenced and unlicensed nodes can have better packet delivery opportunity. However, the benefits of this combination may be corrupted by traditional higherlayer protocols designed for legacy non-cooperative systems. In addition, Radio Frequency (RF) energy harvesting has been introduced as a promising technique to increase wireless network performance. RF energy harvesting can moderate the challenges related to the limited energy and lifetime of nodes powered by non-chargeable batteries. Several cooperative MAC protocols have recently been designed for throughput enhancement. In [1] , the authors proposed a Cooperative TDMA (C-TDMA) MAC protocol based on the multiple-antenna concept for centralized wireless networks. A dynamic slot assignment protocol was also proposed in [2] to facilitate cooperative transmission in multi-hop networks. In [3] a random multiple access algorithm, called Multi-FS-ALOHA, was proposed for centralized data network. In order to deal with system overhead, [4] suggested an overhead-free cooperative MAC for multi-hop networks called Cooperative Relaying TDMA (CR-TDMA). However, all aforementioned protocols are ineffective when applied in cognitive networks.
In this study, a Cooperative MAC protocol is proposed for cognitive networks with opportunistic energy harvesting in SUs. This protocol utilizes both common and spectrum leasing approaches to guarantee the Quality of Service (QoS) required in the primary network and it increases secondary network throughput. The remainder of this article is organized as follows: The system model and preliminaries are presented in Section II. Section III provides details of the proposed protocol. Section IV describes the analytical performance of the proposed protocol. The numerical and simulation results are presented in Section V and the conclusions are summarized in Section VI.
II. SYSTEM MODEL AND PRELIMINARIES
A cognitive network is assumed, including N PUs and M SUs. In this study, equal numbers of PUs and SUs are considered, while each SU corresponds to an exclusive PU. Each time slot is assigned to an individual PU and each PU uses a dedicated channel to transmit its data. The SUs do not have a licensed spectrum and are only allowed to transmit their data if the licensed channel is not being used by the PUs. The SUs are powered by a battery with initial energy E i . Besides, each SU has an infinite energy queue, and if its remaining energy is lower than a threshold th , it harvests energy from ambient radio signals. The processes of data arrival to PUs and SUs are independent and modelled as Bernoulli processes [5] . In this study a Binary Phase Shift Keying (BPSK) modulation scheme is assumed. Thus, the average Bit Error Rate (BER),P b , within a Rayleigh fading channel (Note, the channel is modeled with independent and identically distributed (i.i.d) Rayleigh Fading) for a receiver with simple antenna is
, whereγ is the average SNR of the link. The successful transmission probability of a packet with μ bits length is derived by P s = (1 −P b ) μ , and hence, the probability of packet error can be calculated by P e = 1 − P s . In addition, with the data rate of R, the outage probability of a direct link between source and destination can be calculated by
), where I sd and γ 1 are the mutual information and average SNR between source and destination, respectively. It is assumed that the PUs send their data at the fixed rate R and power p t , while the SUs can change their transmission rate by varying the transmission power. The SU that is recruited as relay node retransmits the PUs' data at a rate of 2R and estimated power of p r to satisfy the QoS demanded by the system. Since the outage probability in a cooperative transmission without a direct link is obtained by
, the relation between the minimum power transmission and desire outage probability, ε 0 , is acquired as:
where, α is the path loss exponent, N 0 is the power of additive white Gaussian noise and d i j is the distance between nodes i and j. The source, destination and relay nodes are denoted by s, d, and r , respectively.
III. PROTOCOL DESCRIPTION
In CC-TDMA, the transmission strategy and time slot allocation can be implemented in two ways: Non-cooperation and Cooperation modes. In the first mode, the protocol performs like a simple TDMA, in which each time slot is allocated to an individual PU and each PU transmits the existing packet, if any, in the head of its FIFO (First Input First Output) buffer during its assigned time slot. If the direct transmission succeed, the source node removes the packet from its buffer. During PU data transmission, each SU monitors the channel to find an idle time slot for its data transmission. If the PU has no packet in its buffer to transmit, the corresponding SU transmits its data in an idle time slot (that is unused by PUs). Fig. 1 depicts an idle time slot in frame 1 which is unused by PU 3 and is thus occupied by the corresponding SU 3 .
In CC-TDMA, the PUs and SUs can enter cooperation mode to increase their performance. In case of a failed PU transmission, the SU that correctly decoded the PU packet can convey the PU packet to the destination in exchange for additional transmission opportunity for its data packets. On the other hand, each SU is powered by a battery and needs to recharge itself through ambient radio signals, thus it should decide between decoding the data and harvesting energy from received signals. Each PU transmits its data at the first of allocated time slot. Accordingly, other PUs (excluding the destination) and SUs whose remaining energy is below the threshold th select the "harvest" mode and save the harvested energy from the received signal in a storage device. Meanwhile, the SUs whose remaining energy exceeds the threshold th select the "decode" mode.
At the end of each time slot, the SUs that correctly decode the packet transmitted by the PU and its corresponding NACK, save the received packet in their parallel buffers. To satisfy the QoS required by the network, each SU that has a failed PU packet in its buffer calculates the relaying power, P r , by Eq. 1 and its priority value. The priority value of each SU can be calculated by
, where W , E and E ci are the number of packets waiting in the buffer, essential energy and current energy of the i th node for failed packet retransmission, respectively. Thus, SUs with lower transmission power (P r ), greater energy values and higher numbers of packets awaiting in their buffers obtain greater priority values. Then, according to Fig. 1 , the SUs send their identity and priority values in the mini-slots at the beginning of related PU' time slot in the next frame. Once the PU receives the mini slots, it selects the SU with a greater priority value and then broadcasts the identity of the selected SU as a helper in a mini-slot. In the example in Fig. 1, SU 2 is the selected node. The SU that detects its identity from the received mini-slots realizes that it has been selected as the helper; meanwhile the other nodes remove the PU packet form their buffer and stay silent. The selected node then retransmits the failed packet in the PU time slot with a data rate of 2R and estimated power p r . Since the SU retransmits the PU data with a rate of 2R, the data transmission ends sooner than a time slot duration and the SU achieves an opportunity to transmit its data in the remaining time slot. Note that in cases when the residual energy is below the threshold, or the packet overheard is not decoded correctly, or an ACK packet is received by the SU, the overheard packet is discarded by the SU and the PU should retransmit the failed packet in the next frame.
IV. THEORETICAL ANALYSIS
The system is modelled using a Markov chain model and the protocol performance is evaluated in terms of throughput and packet drop rate. The observation point is set at the end of the node's transmission slot in each frame. State U i demonstrates the existence of i packets in the FIFO buffer of a node (PU or SU) with buffer size L, where 0 ≤ i ≤ L. The probability of i packet(s) generation within a frame is derived as:
where σ is the probability of packet generation in each time slot and it changes to σ p and σ s for PUs and SUs, respectively. The Markov chain of PUs and its one step transition matrix, {B F ( p)} i, j , in non-cooperation mode is the same as the conventional TDMA which its transmission matrix was presented in [1] . In order to develop the Markov chain of non-cooperation mode for SUs, the method introduced in [5] is used. The one-step transition matrix of non-cooperation for SUs is denoted by {B F (s)} i, j and its dimension is (L + 1) * (L + 1). P s (s) and P e (s) are the successful transmission probability and transmission error probability of the first packet in the buffer of the SUs, respectively. The values in this matrix can be calculated by Eq. 3, shown at the bottom of the next page, where γ i = P i P idle , γ i = P i (1 − P idle ) and P idle is the probability that a time slot is ideal and its value is calculated by (1 − σ p ) N π 0 F ( p) . Since both Markov chains for PUs and SUs are irreducible and aperiodic, the existence of a unique stationary distribution is proved for both of them i.e. 
Since the SUs can transmit only if there is an idle time slot, the throughput of SUs in a fading channel for non-cooperation mode is given by:
The one-step transmission matrix {B C ( p)} i, j for the Markov chain of CC-TDMA is obtained using Eq. 6, shown at the bottom of the page, whereP E andP S are the average transmission error probability and the average successful transmission probability of the first packet in a FIFO buffer, respectively. A packet transmission in FIFO can be successful in the first transmission or retransmission in the n th time slot due to previous failures. ThusP E is defined as the average transmission error probability of a packet in the head of the buffer due to first transmission or retransmission by n th time. P n th is defined as the transmission probability of a packet in the head of the buffer for the first time (n = 0) or retransmission for the n th time (n = 1, 2, 3, . . .). In addition, Q s (k) is the probability that k SUs out of M SUs correctly receive the PU packet,
where P s−r is the probability of successful transmission from the source to the relay node (SU). The probability that at least one SU has energy above the
threshold to retransmit the PU failed packet is denoted by P u and it's value is calculated as 1 − (1 − P enr ) k . Eventually, the P n th is represented by:
where Q t = M k=1 Q s (k)P u and P e (r ) is defined as the probability of error relaying transmission. By solving ∞ n=0 P n th = 1, the specific value P 0 th is derived as Eq. 8, shown at the bottom of the page. Therefore,P E is derived as Eq. 9, shown at the bottom of the page, andP S is equal to 1 −P E .
The Markov chain of SU and its one step transition matrix, {B C (s)} i, j , in CC-TDMA is obtained by substituting γ i and γ i with β i = P i P c idle and β i = P i (1 − P c idle ) in Eq. 3, respectively. The probability of an idle time slot in CC-TDMA, P c idle , is calculated by 
, where π C ( p) and π C (s) are steady state probabilities of U i in these two cases. By considering V bits overhead, the throughput of PUs and SUs in CC-TDMA is calculated by Eq. 10 and Eq. 11 respectively. Another metric considered in this study is the packet drop rate (PDR). It is defined as the ratio of the number of dropped packets to the number of arrived packets. By developing method in [6] , the probability that a generated packet is successfully stored in the buffer of PUs in CC-TDMA with a fading channel, P H C ( p), is given by:
when a packet arrives in the k th slot, two cases are possible. If 1 ≤ k ≤ L − i, the packet enters the node's buffer. If L − i + 1 ≤ k ≤ N , the packet enters the buffer or is dropped depending on earlier packet arrivals, l, in the current frame. 
V. NUMERICAL AND SIMULATION RESULTS
In this section, throughput and PDR of CC-TDMA are compared, against those of conventional TDMA in a Rayleigh fading channel. To do so, a network including N = 10 PUs and M = 10 SUs is considered. The simulation and analytical results were acquired using Matlab, and the simulation accuracy was evaluated on the basis of the convergence for 100,000 frames. The PUs' transmission power is 35 dbm, the packet length is 1024 bytes (μ = 1024 bytes), and fading is assumed to be constant in each time slot (block fading). The noise power value (N 0 ) is equal −60 dbm and the required outage is ε 0 = 10 −4 . Fig. 2a shows the throughput of conventional TDMA and the proposed CC-TDMA for both PUs and SUs in a Rayleigh fading channel as a function of σ p . The maximum throughput of PU is about 0.42 in conventional TDMA, while with the presence of unlicensed nodes as helpers in CC-TDMA the maximum throughput of the PU increases up to 0.62. In CC-TDMA, the SUs not only increase the PUs' throughput, they also acquire an opportunity to transmit their own data and eventually increase their own performance. In Fig. 2b the throughputs of the conventional TDMA and the proposed CC-TDMA are compared as a function of source-destination distance (PUs) for different values of P enr when the transmission power is fixed at 35 dbm. It signifies that the system throughput decreases with increasing the source-destination distance. However, the figure also shows that when CC-TDMA is applied and the distance is equal 140 m, the throughput increases more than 50% for PUs compared to TDMA. Considering a packet size of 1024 bytes and transmission rate of 1 Mbps, the required transmission time is 8.1 ms. Note that each mini-slot needs 52 bits (48 bits for the MAC address and 4 bits for the priority value), thus the maximum overhead imposed for a network with 10 SUs is equal to 0.52 ms. Fig. 2c presents the relationship between packet drop rate and traffic load for both TDMA and CC-TDMA scenarios. The figure indicates that when CC-TDMA is applied and traffic load is 0.8, the packet drop rate decreases from 0.45 to 0.2 for the PUs. The figure also demonstrates the SUs' performance in both TDMA and CC-TDMA scenarios. The results signify a substantial improvement in term of packet drop rate for unlicensed nodes as well.
VI. CONCLUSION
In this article, a TDMA-based cooperative MAC protocol (called CC-TDMA) for cognitive networks was proposed. The protocol was designed to guarantee the QoS required by the system. CC-TDMA provides opportunistic unlicensed users with the chance to act as helpers and get rewards for data transmission in spite of retransmitting licensed users' failed packets. The simulation and analytical results indicate that CC-TDMA enhances network performance in terms of throughput and packet drop rate for both licensed and unlicensed users and ensures the required QoS for a licenced network.
